Neural crest cell
Introduction
Human congenital cardiovascular malformations occur in approximately 1% of newborns. The patients with severe malformations deteriorate in infancy. Malformations of aortic arch, derived from the fourth pharyngeal arch artery, are among such severe cardiovascular malformations.
In mammals, pharyngeal arch arteries are initially formed as symmetric pairs of arteries that connect aortic sac ventrally with dorsal aortae located dorsal to foregut. They un-0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.07.005 dergo a remodeling process and finally form thoracic arteries including thoracic aorta, pulmonary artery and ductus arteriosus. Cranial neural crest cells are known to be committed to the remodeling process of pharyngeal arch arteries (Bockman et al., 1987 (Bockman et al., , 1989 Kirby et al., 1997; Waldo et al., 1996) . During neural tube formation, cranial neural crest cells originate at the border between neural plate and surface ectoderm. During neural tube closure, they migrate ventrolaterally in distinct streams and contribute to head mesenchyme together with mesodermal cells (Le Douarin and Kalcheim, 1999; Noden and Trainor, 2005; Chai and Maxson, 2006) . Cardiac neural crest cells are regarded as a subpopulation of cranial neural crest cells which originate from the region between the middle of otic placode and the caudal border of somite 3, corresponding to rhombomeres 6, 7 and 8. They migrate to the third, fourth and sixth pharyngeal arch arteries, aortic sac, and the conotruncal region of heart, and contribute to the medial layer of great arteries and aortopulmonary septum (Kirby et al., 1985) .
The endothelin (Edn) system is composed of three 21-amino acid peptide ligands (Edn1, 2 and 3) and two G protein-coupled receptors [endothelin receptor type A (Ednra) and type B (Ednrb)]. Endothelin-1 (Edn1), the initially discovered ligand, was originally identified as a vascular endothelium-derived vasoconstrictor (Yanagisawa et al., 1988) . Thereafter, various (patho) physiological roles have been reported for the Edn system, including the regulation of systemic and local circulation, hormone secretion and cell proliferation (Masaki et al., 2002) . Ednra and Ednrb activate an overlapping set of G proteins (G q /G 11 , G 12 /G 13 etc.), leading to diverse intracellular responses such as activation of phospholipase C, increase in intracellular calcium and induction of early response genes (Kedzierski and Yanagisawa, 2001; Masaki et al., 2002) . During embryogenesis, the Edn1-Ednra and Edn3-Ednrb axes contribute to the development of cranial/cardiac and trunk neural crest cells, respectively (Ivey et al., 2003; Kedzierski and Yanagisawa, 2001; Kurihara et al., 1999; Masaki et al., 2002) . Defects in the Edn1/Ednra pathway result in the malformation of pharyngeal arch-derived craniofacial structures and thoracic arteries in mice (Kurihara et al., 1994 (Kurihara et al., , 1995 Clouthier et al., 1998; Yanagisawa et al., 1998) .
The Edn1/Ednra-dependent pathway involved in craniofacial patterning has been elucidated previously. Homeotic transformation of the lower jaw into the upper jaw structure with downregulation of the homeobox genes Dlx5/Dlx6 in Edn1-null embryos indicates the involvement of the Edn1/ Ednra pathway in the dorsoventral axis patterning of pharyngeal arch system as a positive regulator of Dlx5/Dlx6 expression (Charité et al., 2001; Beverdam et al., 2002; Depew et al., 2002; Ozeki et al., 2004; Ruest et al., 2004; Sato et al., 2008a) . The fact that Ednrb cDNA knock-in on the Ednra locus cannot rescue the craniofacial phenotype of Ednra-null mice indicates that the dorsoventral axis patterning of pharyngeal arches is regulated by the Ednra-selective signal (Sato et al., 2008b) .
In contrast to the Edn1/Ednra-dependent pathway involved in craniofacial patterning, the pathway involved in pharyngeal arch artery remodeling to form thoracic arteries is largely unknown. The common cardiovascular anomalies in Edn1/Ednra-null mice are type-B aortic arch interruption or truncus arteriosus, which are also observed in human DiGeorge Syndrome. However, it has been shown that the Edn1/Ednra signaling regulates pharyngeal arch artery morphogenesis through Tbx1-independent pathway (Morishima et al., 2003) .
To clarify how the Edn1/Ednra signaling regulates pharyngeal arch artery remodeling, we analyzed the vascular phenotype of Ednra-and Dlx5/Dlx6-deleted mice. Vascular smooth muscle differentiation from neural crest cells was also examined in pharyngeal arch arteries, thus providing some insight into the mechanism whereby normal great vessels formation is precisely regulated.
Results

2.1.
The specificity of receptors is regionally different in Edn1-mediated morphogenesis of thoracic arteries First, we examined the phenotype of thoracic arteries in E18.5 Edn1 and Ednra mutant embryos on the ICR background. In wild-type embryos, like in humans, three vessels branch from aortic arch; brachiocephalic, left common carotid, and left subclavian arteries. The brachiocephalic artery then bifurcates to form right subclavian and right common carotid arteries (Fig. 1A) . As previously reported, Edn1-null embryos demonstrated aortic arch abnormalities including type-B aortic arch interruption or hypoplastic aortic arch with incomplete but high penetrance (Table 1 and Fig. 1B) . By contrast, Ednra-null embryos demonstrated little abnormalities in the aortic arch (Table 1 and Fig. 1C ), suggesting redundancy between the two Edn receptors Ednra and Ednrb. Instead, abnormal vessels from bilateral common carotid arteries and abnormal bifurcation of the brachiocephalic artery were observed with high incidence both in Edn1-and Ednra-null embryos (Table 1 and Fig. 1B and C) . These redundant vessels were still observed in Ednra Ednrb/Ednrb (Ednrb-knock-in) embryos (Table 1 and Fig. 1D ), indicating that Ednrb gene expression cannot rescue these phenotypes. Thus, Edn1 regulates the morphogenesis of thoracic arteries, and the specificity of Edn receptors seems to be regionally different.
2.2.
The abnormal vessels from the common carotid arteries in Edn1/Ednra-null mice derive from the abnormally persistent first and second pharyngeal arch arteries
We focused on the abnormal vessels from the common carotid arteries in Ednra-null mice and sought for their origin. First, we performed skeletoangiography of E18.5 Ednra-null embryos. Abnormal vessels from the common carotid arteries were observed in Ednra-null embryos, one of which runs between the deformed hyoid and duplicated pterygoid bones toward the alisphenoid bone (Fig. 1E ). As these skeletal structures derive from the first and second pharyngeal arches, this abnormal vessel is likely to derive from the first/ second pharyngeal arch arteries.
To confirm this idea, the pharyngeal arch arteries in the remodeling period were examined. The first and second pharyngeal arch arteries equally formed both in Ednra-null and heterozygous embryos at E9.5, but the regression of these Ednrb/Ednrb (D) embryos at E18.5, visualized with ink injection. The Abnormal vessels branching from common carotid arteries (arrows) and the abnormal bifurcation of the brachiocephalic artery (arrowheads) are observed in Ednra-null and Edn1-null, together with Ednra Ednrb/Ednrb embryos (B-D). Edn1-null embryos also demonstrate hypoplastic aortic arch (asterisk in C). (E and F) Skeletoangiography of Ednra-null and wild-type embryos on E18.5. Two abnormal vessels from the right common carotid artery are observed in Ednra-null embryos, one of which runs between the deformed hyoid and duplicated pterygoid bones toward the alisphenoid bone (arrow). RCCA, right common carotid artery; LCCA, left common carotid artery; RSCA, right subclavian artery; Ao, aortic arch; als, alisphenoid bone; hb, hyoid body; ptg, pterygoid bone; thy, thyroid cartilage; * , duplicated structure. Pterygoid bone and hyoid body are fused in Ednra-null mice. Hyoid body and thyroid cartilage are also fused in Ednra-null mice.
arteries was less eminent in Ednra-null embryos at E10.5 (Supplemental Fig. 1 ). In heterozygous embryos five pairs of symmetrical pharyngeal arch arteries underwent a remodeling process to achieve the final pattern of thoracic arteries around E14.5. In this process, the first andsecond pharyngeal arch arteries regressed to a large extent. By contrast, the first and second pharyngeal arch arteries persisted beyond E12.5 in Ednra-null embryos ( Fig. 2 , Supplemental Fig. 2 ), which resembles the formerly reported phenotype in Edn1-null embryos (Kurihara et al., 1995) . These abnormally persistent first and second pharyngeal arch arteries were likely to be the origin of the abnormal vessels from the common carotid arteries, which are known to derive from the third pharyngeal arch arteries.
The Edn1/Ednra signaling is involved in the properlydirected differentiation of neural crest cells into smooth muscle cells in pharyngeal arch arteries
Edn1 is expressed in endoderm-and ectoderm-derived epithelium, mesoderm-derived core mesenchyme, and the endothelium of arteries in pharyngeal arches (Kurihara et al., 1995; Maemura et al., 1996) . Ednra is expressed mainly in migratory neural crest cells during the developmental stage . Neural crest cells are known to differentiate into the smooth muscle cells of pharyngeal arch arteries (Le Lièvre and Le Douarin, 1975 ). Therefore we hypothesized that deletion of Edn1 orEdnra might affect the deployment and differentiation of neural crest cells along pharyngeal arch arteries.
PDGFRb is known as a marker of developing smooth muscle cells and pericytes. In E10.5 Ednra-heterozygous embryos, PDGFRb-positive cells surrounded the caudal pharyngeal arch arteries (Supplemental Fig. 3 ), but not the first and second pharyngeal arch arteries (Fig. 3A) . On the other hand, PDGFRb expression was detected also around the first and second pharyngeal arch arteries in Ednra-null embryos ( Fig. 3D and G-G 00 0 ). Smooth muscle differentiation state was further examined using an antibody against a-smooth muscle actin (aSMA), whose expression is first detected sporadically in the dorsal aorta at E9.5 and found in the third, fourth and sixth arch arteries after E10.5 (Takahashi et al., 1996) . Consistently, aSMA was expressed in the dorsal aorta (Fig. 4B and F) and the third and fourth arch arteries (data not shown) in both E11.5 wild-type and Ednra-null embryos. By contrast, Ednra-null embryos started to express aSMA also in the first and second pharyngeal arch arteries in addition to PDGFRb at E11.5 ( Fig. 4F and J). These data indicate that smooth muscle cells are aberrantly developed along the first and second pharyngeal arch arteries in Ednra-null embryos. We then examined whether these aberrant smooth muscle cells in the first and second pharyngeal arch arteries derive from neural crest cells by using Wnt1-Cre;R26R mice. At E11.5, the distribution of b-galactosidase-positive neural crest cells was not different between Ednra-null and heterozygous embryos (compare Fig. 5A and B), but, only in Ednra-null embryos, b-galactosidase-positive cells of the first and second pharyngeal arch arteries were positive for PDGFRb (Fig. 5B   0 and C 0 ). In E18.5 Ednra-null embryos, whole-mount b-galactosidase staining confirmed that neural crest-derived cells existed around the abnormal vessels from the common carotid arteries (Fig. 6C ). aSMA and b-galactosidase were coexpressed at the cells around the abnormal vessels from the common carotid arteries (Fig. 6D -D 00 0 ). These results suggest that, in Ednra-null mice, neural crest cells abnormally differentiate into smooth muscle cells at the first and second pharyngeal arch arteries, resulting in the abnormal persistence of these arteries as abnormal vessels from the common carotid arteries. This indicates that the Edn1/Ednra signaling is involved in appropriate deployment of neural crest-derived smooth muscle cells in pharyngeal arch arteries, which contributes to the normal patterning of thoracic arteries.
2.4.
Regulation of vascular remodeling by the Edn1/Ednra signaling is independent of Dlx5/Dlx6-mediated regional identification of pharyngeal arches
In craniofacial development, the Edn1/Ednra signaling regulates the expression of the homeobox genes Dlx5 and Dlx6. Deletion of Edn1 or Ednra results in downregulation of Dlx5/ Dlx6 in mandibular arch and induces homeotic transformation of the lower jaw into the upper jaw structure (Charité et al., 2001; Beverdam et al., 2002; Depew et al., 2002; Ozeki et al., 2004; Ruest et al., 2004) . To investigate whether this Dlx5/Dlx6-mediated pathway is involved in the remodeling of pharyngeal arch arteries, the vascular phenotype of Dlx5/ Dlx6 double knock-out embryos was examined. Most Edn1/ Ednra-null embryos exhibited the abnormal pattern of thoracic arteries, as described above (Fig. 7A) . By contrast, almost all Dlx5/Dlx6 double knock-out embryos demonstrated the normal thoracic artery pattern (Fig. 7D ), although they presented the craniofacial anomalies as previously described Depew et al., 2002) , the homeotic transformation of the lower jaw into the upper jaw structures with ink injection. In heterozygous embryos five pairs of symmetrical pharyngeal arch arteries undergo a remodeling process to achieve the final pattern of thoracic arteries around E14.5. In this process, the first and second pharyngeal arch arteries regressed to a large extent (right). By contrast, the first and second pharyngeal arch arteries persisted beyond E12.5 in Ednra-null embryos (left). I-VI, the first-sixth pharyngeal arch arteries.
( Fig. 7F) . Abnormal vessels from the common carotid arteries were observed only in one of 10 Dlx5/Dlx6 double knock-out embryos (Table 2 and Supplemental Fig. 4 ), indicating that Dlx5/Dlx6 are not the main downstream genes in the regulation of pharyngeal arch artery remodeling by the Edn1/Ednra signaling. Recently, we have reported that preotic neural crest cells contributing to the first and second pharyngeal arches migrate into the heart and differentiate into smooth muscle cells of coronary arteries, and the deletion of Edn1/Ednra signaling causes abnormal coronary formation such as severe dilation of septal branches (Arima et al., 2012) . To examine whether the involvement of the Edn1/Ednra signaling in coronary artery formation might be mediated by Dlx5/Dlx6, we analyzed the phenotype of coronary arteries in Dlx5/Dlx6 double knock-out embryos. As in case of thoracic arteries, Dlx5/ Dlx6 double knock-out embryos did not exhibit anomalous coronary arteries (Table 2 and Fig. 7E ).
Taken together, unlike craniofacial development, both pharyngeal arch arteries and coronary arteries are formed independently of the Dlx5/Dlx6-mediated ventral identification of pharyngeal arches. Thus, Edn1/Ednra-dependent vascular morphogenesis requires an alternative Dlx5/Dlx6-independent molecular pathway.
Finally, we analyzed transcriptome of the E10.5 mandibular processes of Edn1-, Dlx5/Dlx6-null and wild-type control mice to investigate the mechanism by which the Edn1 regulates the vascular morphogenesis in Dlx5/Dlx6-independent manner. The data were validated by the inclusion of Dlx5, Dlx6 and genes known to be downstream to the Edn1/Ednra-Dlx5/Dlx6 pathway (e.g. Dlx3, Dlx4, Hand2, Hand1,Gsc and Pitx1) as downregulated genes in both Edn1-and Dlx5/6-null mice (detailed data will be published elsewhere). Out of 467 genes upregulated (more than 1.5-fold difference) in the mandibular process of Edn1-null mice, 307 genes were not upregulated in that of Dlx5/Dlx6-null mice (Fig. 8A) . Conversely, out of 352 genes downregulated (less than À1.5-fold difference) in Edn1-null mice, 189 genes were not upregulated in Dlx5/Dlx6-null mice (Fig. 8A ). Edn1 gene itself was listed in the former category (Supplementary Table 2 ), probably due to the upregulation of disrupted transcripts, which were detected by the probe for Edn1. Among genes that demonstrated discrepancy of expression between Edn1-andDlx5/Dlx6-null mandibular processes, transcription factors or extracellular matrix genes were enriched (Fig. 8B and C, Supplementary Tables 1 and 2 ), indicating that Dlx5/Dlx6-independent transcriptional cascade or the extracellular environment may influence the vascular morphogenesis in the first and second pharyngeal arches.
Discussion
We have previously reported that Edn1 knockout mice demonstrate great vessel abnormalities with outflow malalignment in addition to defects in neural crest-derived craniofacial structures (Kurihara et al., 1995) . In the present study, we investigated the mechanism by which the Edn1 signaling regulates the morphogenesis of thoracic great vessels, and demonstrated that Edn1 regulates the proper region-specific deployment and fate of neural crest cells in pharyngeal arch arteries. Notably, this is almost independent of Dlx5/Dlx6-mediated regional specification, unlike in craniofacial development.
In normal great vessel formation, the early-formed anterior (first and second) arch arteries are mostly regressed and the subsequently formed posterior (third, fourth and sixth) arch arteries grow to the great arteries through asymmetric remodeling. In Edn1-or Ednra-null mice, the first and second arch arteries were abnormally persisted, resulting in aberrant vessel formation, whereas the fourth arch arteries often abnormally regress to cause aortic arch hypoplasia or interruption (this paper and Kurihara et al., 1994 Kurihara et al., , 1995 Clouthier et al., 1998; Yanagisawa et al., 1998) . Thus, the Ednra-mediated signaling activated by Edn1 is necessary for proper patterning of great arteries (Fig. 9) . The incidence of aortic arch anomaly in Ednra-null mice in this study was lower than that in the previous report , possibly due to differences in mice backgrounds. The phenotype in the aortic arch, derived mainly from the left fourth pharyngeal arch artery, was milder in Ednra-null mice than in Edn1-null mice, indicating that Ednrbmediated Edn signaling might be partially involved in the remodeling of pharyngeal arch arteries. On the other hand, a forced Ednrb expression could not rescue the abnormal vessels derived from the first and second pharyngeal arch arteries. These data indicate that Edn1 regulates the remodeling of pharyngeal arch arteries to form thoracic arteries mainly through Ednra, with partial involvement of other Edn receptors, possibly Ednrb, more in the posterior pharyngeal regions.
Cranial neural crest cells arising from the midbrain and pre-otic hindbrain populate the anterior pharyngeal arches and mostly differentiate into skeletal elements, whereas cardiac neural crest cells arising from the post-otic hindbrain contribute to the formation of the tunica media of posterior arch artery-derived great vessels as well as the aorticopulmonary septum and the outflow tract endocardial cushions (Hutson and Kirby, 2007) . Our experiments using Wnt1-Cre mice revealed that the distributions of neural crest cells around the first and second pharyngeal arch arteries were not different between Ednra-null and heterozygous embryos as previously reported (Abe et al., 2007) . On the other hand, Wnt1-Cre-labeled neural crest cells around the first and second arch arteries of Ednra-null embryos aberrantly differentiated into smooth muscle cells as evidenced by PDGFRb and aSMA expression, which was supposed to stabilize these arteries and result in the abnormal vessels from the common carotid arteries.
Neural crest fates appear to be differently regulated between the anterior and posterior pharyngeal arches. In the anterior arches, migratory neural crest cells are prevented from differentiating into smooth muscle cells of arch arteries, whereas neural crest cells differentiate into smooth muscle cells and stabilize arch arteries in the posterior arches. These regional differences may be coupled with molecular mechanisms determining regional identity. Indeed, null mutation of Hoxa3, a member of the Hox family critical for the third pharyngeal arch identity, causes failure of neural crest differentiation into smooth muscle cells in the third arch arteries, resulting in their regression as in the anterior arch arteries and defective common carotid arteries (Chisaka and Capecchi, 1991; Kameda et al., 2003) . This fact may raise the possibility that the patterning of arch arteries may be closely linked to Hox-dependent regional identification along the anteroposterior axis (Minoux and Rijli, 2010) .
The Edn signaling is likely to be involved in the putative suppressive mechanism against neural crest differentiation into smooth muscle cells in the anterior arch arteries, whereas it appears to contribute to the deployment of neural crest-derived smooth muscle cells and normal development of the posterior (especially the fourth) arch arteries. These region-specific involvements of the Edn signaling in arch artery patterning were, however, largely independent of its downstream genes Dlx5 and Dlx6, homeobox-containing transcription factors essential for the ventral identification of pharyngeal arches (Depew et al., 2002; Beverdam et al., 2002) . This fact indicates that the patterning of pharyngeal arch arteries giving rise to thoracic arteries is programmed independently of Dlx5/Dlx6-directed pharyngeal arch regionalization along the dorsoventral axis. Rather, the Edn signaling may crosstalk with Hox-dependent mechanisms in the arch artery patterning, where the direction of the Edn signaling effect may be affected by the Hox-code. The molecular mechanism underlying the involvement of Edn signaling remains largely unknown. Microarray analysis in this study has given a list of genes changed in Edn1-null pharyngeal arches but unchanged in Dlx5/Dlx6-null pharyngeal arches. This may serve as a base for future investigation aimed at solving this issue. Recently, we have found that preotic neural crest cells mainly from r4 migrate into the heart and differentiate into smooth muscle cells of coronary arteries (Arima et al., 2012) . Furthermore, Ednra-null mice demonstrate coronary artery malformations due to lack of neural crest differentiation into smooth muscle cells of coronary arteries. Taken together with this finding, the present study suggests that the Edn signaling controls preotic neural crest differentiation into vascular smooth muscle cells differently in different regions. Notably, the remodeling of coronary arteries, like pharyngeal arch arteries, is also independent of the Dlx5/Dlx6-dependent genetic program.
The aortic arch anomalies including coarctation of the aorta and interruption of aortic arch are major human congenital heart defects. The study of the Edn1/Ednra-mediated mechanisms involved in the remodeling of pharyngeal arch arteries may contribute to the elucidation of the etiology of these human congenital disorders.
Methods
Mice
Ednra +/lacZ , Ednra +/EGFP (lacZ or EGFP knock-in) mice and Edn1-null mice have been described previously (Kurihara et al., 1994; Sato et al., 2008b; Asai et al., 2010) . By crossing these mice, Ednra-null mice were obtained. Ednra
Ednrb/Ednrb
(Ednrb knock-in) mice have also been described, in which not Ednra but Ednrb is expressed under the control of the Ednra gene promoter (Sato et al., 2008b) . Dlx5/Dlx6 double knock-out mice have been reported previously . Wnt1-Cre mice, in which Cre recombinase is expressed in early neural crest cells, were crossed with R26R reporter mice containing a loxP-flanked lacZ cassette in the Rosa26 locus, to generate Wnt1-Cre;R26R mice, in which b-galactosidase expression is observed along the neural tube and in most neural crest-derived cells (Soriano, 1999; Chai et al., 2000; Jiang et al., 2000) . We further generated Wnt1-Cre;R26R;Ednra EGFP/EGFP (Ednra-null) mice by crossing the above-mentioned mice. The genetic backgrounds for Ednra +/EGFP , Ednra-null and Edn1-null mice were ICR, and the other mice were bred in Fig. 7 -Dlx5/Dlx6-null embryos demonstrate normal thoracic and coronary arteries. Thoracic arteries (A, D and G) and coronary arteries (B, E and H) of Ednra-null, Dlx5/Dlx6-null and wild-type embryos at E17.5-18.5, visualized with ink injection. The Abnormal vessels branching from common carotid arteries (arrows in A), and the dilation of septal branches in coronary arteries (arrowheads in B) are observed in Ednra-null embryos, both of which are not observed in Dlx5/Dlx6-null embryos (D and E). The craniofacial structures of Ednra-null, Dlx5/Dlx6-null and wild-type embryos are shown in C, F and I. Dlx5/Dlx6-null embryos present the homeotic transformation of the lower jaw into the upper jaw structure, like in Ednra-null embryos (arrowheads in C and F). RCCA, right common carotid artery; LCCA, left common carotid artery; RSCA, right subclavian artery; Ao, aortic arch. mixed backgrounds between ICR and C57BL/6. Embryonic ages were determined by timed mating with the day of the plug being E0.5. Ednra-null mice and Dlx5/Dlx6 double knock-out mice were identified by their characteristic craniofacial abnormalities, and genotypes were confirmed by GFP-fluorescence, b-galactosidase staining of tails, and PCR analysis of tail genomic DNA samples. All animal experiments were approved by the University of Tokyo Animal Care and Use Committee and were performed in accordance with the institutional guidelines.
Ink injection
Embryos were collected in heparinized PBS, and ink (KiwaGuro, Sailor, Japan) was injected into the outflow tract of heart using glass micropipette, thus visualizing the morphology of the outflow tract of heart and thoracic arteries.
To visualize coronary arteries, ink was gently injected from the ascending aorta using a glass micropipette. Samples were fixed in 4% paraformaldehyde solution and dehydrated in sequential ethanol solution. To visualize the septal branch, dehydrated samples were immersed in BABB (1:2 benzyl alcohol to benzyl benzoate).
To visualize vessels and skeletal structures simultaneously, skeletoangiography was performed. Ink-injected embryos were dehydrated in ethanol for a week. Subsequently they were stained with 70% ethanol, 5% acetic acid, 0.03% Alcian blue 8GS, 0.01% Alizarin red S at 37°C for three days. Stained embryos were shaken in 1% KOH until skeleton and arteries became cleared. Cleared samples were stored in 100% glycerol. 
4.4.
Wholemount b-galactosidase staining E18.5 embryos were collected in 0.1 M phosphate buffer, and the heart with thoracic arteries were dissected. Specimens were fixed in 0.2% glutaraldehyde/5 mM-EGTA/2 mMMgCl 2 /0.1 M phosphate buffer (10 min, on ice). After several washes, b-galactosidase activity was detected by staining with X-gal (5-bromo-4-chloro-3-indoyl-b-D-galactopyranoside) (room temperature, overnight). Staining was performed as previously described (Nagy et al., 2003) with minor modifications.
DNA microarray
The mandibular processes were dissected from E10.5 wildtype,Edn1
À/À and Dlx5/6 À/À mice. For the comparison between wild-type and Dlx5/6 À/À mice, two independent microarray experiments were performed for wild-type and Dlx5/6 À/À littermates, and signals were averaged before further analysis. For the comparison between wild-type and Edn1 À/À mice, single microarray experiments were performed for wild-type and Edn1 À/À littermates. Preparation of the cRNA and hybridization of the probe arrays were performed according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). Affymetrix Genechip Mouse 430 2.0 arrays containing 45,101 probe sets were applied. The expression value for each mRNA was obtained by the Robust Multi-array Analysis (RMA) method. To analyze the expression data at the genetic level, the intensity of the signal values was summarized using Entrez Gene ID (normalized to the 75th percentile). Then the gene set probes were filtered on an expression (20.0-100.0) percentile. The genes, which were expressed at lower than the 20 percentile in all of the four arrays were eliminated from the analyses. After excluding the gene set probes which did not have gene symbols, about 20,000 genes remained and they were used for further analysis. Annotation of the probe numbers and targeted sequences are shown on the Affymetrix web page. Fig. 9 -Schema of the remodeling of pharyngeal arch arteries in normal and Ednra-null embryos. In the first and second pharyngeal arch arteries, the Ednra-specific signaling activated by Edn1 is necessary for proper regression to achieve the normal pattern of thoracic arteries. I-VI, the first-sixth pharyngeal arch arteries.
4.6.
Ontology analysis
We performed functional clustering using Database for Annotation, Visualization, and Integrated Discovery (DAVID) (http://www.david.abcc.ncifcrf.gov/).
